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Nedd8Cullin-RING ubiquitin ligases (CRLs), which comprise the largest class of E3 ligases, regulate diverse cellular
processes by targeting numerous proteins. Conjugation of the ubiquitin-like protein Nedd8 with Cullin
activates CRLs. Cullin-associated and neddylation-dissociated 1 (Cand1) is known to negatively regulate CRL
activity by sequestering unneddylated Cullin1 (Cul1) in biochemical studies. However, genetic studies of
Arabidopsis have shown that Cand1 is required for optimal CRL activity. To elucidate the regulation of CRLs by
Cand1, we analyzed a Cand1 mutant in Drosophila. Loss of Cand1 causes accumulation of neddylated Cullin3
(Cul3) and stabilizes the Cul3 adaptor protein HIB. In addition, the Cand1 mutation stimulates protein
degradation of Cubitus interruptus (Ci), suggesting that Cul3-RING ligase activity is enhanced by the loss of
Cand1. However, the loss of Cand1 fails to repress the accumulation of Ci in Nedd8AN015 or CSN5null mutant
clones. Although Cand1 is able to bind both Cul1 and Cul3, mutation of Cand1 suppresses only the
accumulation of Cul3 induced by the dAPP-BP1 mutation defective in the neddylation pathway, and this
effect is attenuated by inhibition of proteasome function. Furthermore, overexpression of Cand1 stabilizes
the Cul3 protein when the neddylation pathway is partially suppressed. These data indicate that Cand1
stabilizes unneddylated Cul3 by preventing proteasomal degradation. Here, we propose that binding of
Cand1 to unneddylated Cul3 causes a shift in the equilibrium away from the neddylation of Cul3 that is
required for the degradation of substrate by CRLs, and protects unneddylated Cul3 from proteasomal
degradation. Cand1 regulates Cul3-mediated E3 ligase activity not only by acting on the neddylation of Cul3,
but also by controlling the stability of the adaptor protein and unneddylated Cul3.tion-dissociated 1; Ci, Cubitus
P9 signalosome; Cul3, Cullin3;
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Cullin-RING ubiquitin ligases (CRLs) are a family of multi-subunit
ubiquitin ligases with diverse cellular functions, including regulation of
the cell cycle, the DNA damage response, and various transcription
factors (Ciechanover, 1998; Kerscher et al., 2006; Petroski and Deshaies,
2005; Willems et al., 2004). The mammalian Cullin family contains six
closely related proteins (Cul1, Cul2, Cul3, Cul4A, Cul4B and Cul5) and
three distantly relatedproteins (Cul7, PARC andAPC2) (Dias et al., 2002;
Hori et al., 1999; Kamura et al., 2004; Osaka et al., 1998; Pintard et al.,
2004; Shiyanov et al., 1999; Skaar et al., 2007; Wertz et al., 2004; Xu
et al., 2003). All Cullins contain a conserved carboxy-terminal domain of
approximately 100 amino acids that binds to the small RING ﬁnger
proteins ROC1 (RING of Cullins, also known as Hrt1 and Rbx1), ROC2 orAPC11 (Hershko and Ciechanover, 1998; Ohta et al., 1999). The various
Cullin proteins function as a rigid scaffold for the assembly of this
modular class of ligase. All Cullins associatewith a RINGprotein through
their C-terminal domain, whereas the N-terminal region recruits a wide
variety of receptor proteins that confer substrate speciﬁcity. CRL activity
can be regulated by numerous mechanisms, such as the turnover of
substrate receptors and the reversible attachment of the ubiquitin-like
protein Nedd8 to Cullins (neddylation) (Hori et al., 1999; Pan et al.,
2004). The neddylation of Cullin proteins involves a ubiquitin-like
process utilizing the Nedd8-speciﬁc E1, APP-BP1-Uba3 heterodimeric
enzyme, and the E2 enzyme, Ubc12 (Gong and Yeh, 1999; Liakopoulos
et al., 1998; Rabut and Peter, 2008; Yeh et al., 2000). Cullin neddylation
is essential for the function of Cullin-containing ubiquitin E3 ligases
(Bornstein et al., 2006; del Pozo et al., 2002; Furukawa et al., 2000;
Lammer et al., 1998; Ohh et al., 2002; Podust et al., 2000; Read et al.,
2000; Wu et al., 2000). It can be reversed by the COP9 signalosome
(CSN), a highly conserved protein complex that consists of eight
subunits (CSN1–8) (Cope and Deshaies, 2003; Doronkin et al., 2003;
Stuttmann et al., 2009), and deneddylation of Cullin is mediated by the
MPN/JAMMmotif of the CSN5 subunit (Cope et al., 2002).
Cand1 has been reported to bind selectively to unneddylated
Cullin1 (Goldenberg et al., 2004; Hwang et al., 2003; Liu et al., 2002;
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and Hannink, 2006). These biochemical studies suggest that Cand1
acts as a negative regulator of CRLs. In mammalian cell lines, Cand1
regulates the formation of the SCF (Skp1/ Cullin1/F-box proteins)
complex, and its dissociation from Cul1 is coupled to the incorpora-
tion of F-box proteins into the SCF complex (Liu et al., 2002; Zheng
et al., 2002). However, the Arabidopsis Cand1 null mutant displays
defects in growth, development and auxin response, indicating that
SCF ligase activity is compromised in the mutant (Chuang et al., 2004;
Feng et al., 2004; Stuttmann et al., 2009). These data indicate that
Cand1 is required for efﬁcient CRL function in Arabidopsis. Further-
more, Cand1 may participate in Cul3-based BCR3 complex (BTB
domain-containing protein, Cul3 and a RING protein) cycling, given its
competition with the BTB protein Keap1, the substrate receptor of
BCR3, for binding to Cul3 (Lo and Hannink, 2006; Wu et al., 2006).
These results indicate that Cand1 has contradictory effects on the
regulation of CRL activity. To explain these paradoxical results, it has
been suggested that CSN and Cand1 play critical roles through
deneddylation and neddylation of Cullins, which could induce the
cycle of assembly and disassembly of CRL complexes (Cope and
Deshaies, 2003; Lo and Hannink, 2006; Zhang et al., 2008). It is
obvious that Cand1 has an important function in modulating the CRL
activity, but despite much progress, the regulation of CRL activation
still remains unclear.
To understand the mechanism of regulation of CRLs by Cand1, we
generated Cand1 mutant in Drosophila. We found that loss of Cand1
leads to accumulations of neddylated Cul3 and Cul3 adaptor protein
HIB/rdx, and stimulates protein degradation of CiFL by upregulating
Cul3-based E3 ligase activity. We also present evidence that Cand1
stabilizes unneddylated Cul3 protein by preventing proteasomal
degradation. Our results support a role for Cand1 in ﬁne-tuning
Cul3-mediated E3 ligase activity by controlling the equilibrium state
of Cul3 neddylation and the stability of adaptor protein, and by
protecting unneddylated Cul3 from proteasomal degradation.
Material and methods
Western blotting
Larval brain and eye imaginal discs were collected in 2× SDS
sample buffer and boiled for 7 min. The extracts were then run on a
7.5% or 8% Tris–glycine gel. Western blotting was performed
according to the standard protocol. The primary antibodies used
were rabbit anti-Cul1 (1:500; Zymed), mouse anti-Cul3 (1:1000; BD
Biosciences), mouse anti-β-tubulin (1:2000; E7, Iowa Hybridoma
Bank), rat anti-HA (1:1000; Roche), and mouse anti-Myc (1:1000;
Roche). After incubation with HRP-coupled secondary antibodies
(goat anti-rat diluted 1:2000, Jackson ImmunoResearch Laboratories;
donkey anti-mouse diluted 1:2000, Jackson ImmunoResearch Labo-
ratories; and goat anti-rabbit diluted 1:2000, Pierce), the blots were
visualized using a chemiluminescent detection kit (ECL PLUS,
Amersham Biosciences). The images were processed on a LAS-3000
(Fujiﬁlm) and quantiﬁed using Multi Gauge software (V3.0, Fujiﬁlm).
Immunohistochemistry of larval discs
The staged larvae were dissected in 1× PBS. Dissected imaginal
discs were incubated in a ﬁxation solution (0.1 M PIPES pH 6.9, 1 mM
EGTA, 1.0% Triton X-100, 2 mM MgSO4, 1% EM grade formaldehyde)
for 30 min. After being washed three times with a washing solution
(50 mM Tris–Cl pH 6.8, 150 mM NaCl, 0.1% Triton X-100, and 1 mg/ml
BSA), the discs were incubated in a blocking solution (50 mM Tris–Cl
pH 6.8, 150 mMNaCl, 0.1% Triton X-100, and 10 mg/ml BSA) at 4 °C for
2 hr. The discs were stained overnight at 4 °C with appropriate
antibodies in the blocking solution. After being washed four times in
the wash solution, the discs were incubated with secondary antibodyat room temperature for 1.5 h. After being washed three times with
the wash solution, the larval discs were mounted in an antifade
solution. The primary antibodies were mouse anti-GFP (1:200;
Sigma), rabbit anti-GFP (1:500; Abcam), rat anti-CiFL (1:2; 2A1,
Iowa Hybridoma Bank), mouse anti-Myc (1:200; Roche), and rabbit
anti-β-gal (1:1000; Sigma). Secondary antibodies coupled to the
appropriate ﬂuorophore (FITC, Cy2, or Cy3; Jackson ImmunoResearch
Laboratories) were diluted to 1:200 in the blocking solution. All
confocal images were taken on a DE/LSM510 NLO (Carl Zeiss).DNA constructs for germline transformation
Wild-type Cand1 cDNAs (RE54013 andRE15044 fromtheDrosophila
Genome Resource Center) were cloned into the pUAST vector and
pUAST-HA vector as KpnI–XbaI fragments. P-element-mediated germ-
line transformationwas performed according to themethods described
previously (Rubin and Spradling, 1982). The parental strain for all
germline transformationswasw1118. Flies bearingautosomal transgenes
were identiﬁed and used for all analyses.Fly strains
All stocks were maintained and raised under standard conditions
unless otherwise speciﬁed. w1118 was used as a control strain. w;;
CSN5null/TM3 Ser act-GFP was a gift from D. Segal (Oron et al., 2002)
and tub-myc-slimb was from J. Jiang (Ko et al., 2002). The mutants
CSN5null FRT82B, Nedd8AN015 FRT40A, UAS-HIB-RNAi, pUAS-Flag-HIB and
Ci-lacZ have been previously described (Doronkin et al., 2002; Ou
et al., 2002; Zhang et al., 2006). pUAST-HA-HIB/rdx (CG9924-RB
isoform cloned into the pUAST vector as an EcoRI–XhoI fragment) was
a kind gift from H. Suh of our lab. The Bloomington Stock Center
provided other ﬂy stocks.Drosophila genetics and FLP/FRT mosaic clonal analysis
The Cand116 mutants were created by imprecise excision of P-
element G2412 (Genexel Inc.). Breakpoints were mapped by genomic
PCR and sequenced. The sequence of the deletion junction of Cand116
mutant ﬂies is AACTGGCCGCGGTGAGCGGG/TGTCTGCGGCAG-
CACCTGTA, with the slash indicating the deletion breakpoint. The
sequence of the deletion junction of Cand1100 ﬂies is AATATTTAAATAA-
TATTATT/ATGCTAAACCAATCAATAAA. Clones of mutant cells were
generated by FLP/FRT-mediated mitotic recombination as previously
described (Jiang and Struhl, 1995). Mitotic recombination clones for the
wing disc were induced 48±3 h after egg laying (AEL) in staged larvae
byheat shock at 37 °C for 80 min. The larval genotypewas yw P{ey-FLP};
P{Ubi-GFP} FRT40A/Cand116 FRT40A. The discswere dissected at 110±3 h
AEL, ﬁxed in ﬁxation solution, and stained with anti-GFP antibody to
mark the clones. The following ﬂies were used to generate clones in the
eye disc: yw P{ey-FLP};P{ubi-GFP} FRT40A/Cand116 FRT40A and yw P{ey-
FLP};P{ubi-GFP}FRT40A/Cand116,Nedd8AN015 FRT40A. To generate Cand116
or CSN5null mutant clones expressing myc-slimb in the eye discs, the
following ﬂies were used: yw P{ey-FLP};P{ubi-GFP} FRT40A/Cand116
FRT40A;tub-myc-slimb/+ and yw P{ey-FLP};tub-myc-slimb/+;P{ubi-
GFP} FRT82B/CSN5null FRT82B. To generate Cand116 mutant clones in Ci-
lacZ expression in the eyediscs, yw P{ey-FLP};P{ubi-GFP} FRT40A/Cand116
FRT40A;;Ci-lacZ was used. To generate CSN5 null mutant clones in the
Cand1 mutant background, yw P{ey-FLP};Cand116;P{ubi-GFP} FRT82B/
CSN5null FRT82B was used. To express Cand1 in the Cand116 mutant
background, w;Cand116/UAS-HA-Cand1,Cand116;hs-GAL4/+ was heat
shocked at 37 °C for 1 h. To repress proteasome function by expressing
UAS-Prosβ21 (from the Bloomington Stock Center) with the Da-GAL4
driver, larvae are raised at the restrictive temperature (29 °C).
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For RT-PCR, total RNA was prepared using TRIzol (Invitrogen) and
reverse transcribed usingM-MLV reverse transcriptase (Promega). PCR
wasperformedusingCand1-speciﬁc primerswith the forward sequence
being 5′ GACATGCTGCAGAATGAGCT 3′ and the reverse sequence being
5′ TGGATGGCACCGAGGGTAG 3′, to obtain a product of 1042 bp. The 5′-
undeleted region of Cand116 mutant was ampliﬁed using primers with
the forward sequence being 5′ GGACAAGGACTTCCGTTTC 3′ and the
reverse sequence being 5′ TGGCCGCATTCGGTTCTAA 3′. The GAP-DH
control was ampliﬁed with the forward primer 5′-GTCAACGATCCCTT-
CATCGA-3′ and the reverse primer 5′-TGTACGATAGTTTTGGCTAG-3′.
For quantitative RT-PCR, total RNA was isolated from each develop-
mental stage of w1118. First-strand cDNA was synthesized from 3 μg of
total RNAwith a total cycle numberof29. rp49primerswereused for the
control reaction.
GST pull-down analysis
[35S] labeled Cul1 and Cul3 were synthesized in vitro using the
pcDNA 3.1-Cul1, -Cul3 and TNT Quick-Coupled Transcription/Trans-
lation system (Promega), according to the manufacturer's protocol.
BL21 cells containing GST and GST–Cand1 expression plasmids (pGEX
6P-1) were grown in LB medium. The expression of fusion proteins
was induced by treating the cells with 0.1 mM isopropyl-1-thio-β-D-
galactopyranoside for 16 h at 18 °C. The GST fusion protein was
puriﬁed by the batch GST Puriﬁcation Module (Amersham Bios-
ciences). GST–Cand1 fusion protein and GST were isolated using
glutathione Sepharose 4 fast ﬂow beads. The immobilized GST and
GST–Cand1 protein beads were washed with phosphate-buffered
saline and incubated with [35S] labeled Cul1 or Cul3 at 4 °C for 12 h in
binding buffer (50 mM HEPES pH 7.8, 5 mM EDTA, 250 mM NaCl, 5%
glycerol, 0.1% Triton X-100, 1 mM DTT, and protease inhibitor
cocktail). The beads were washed three times with the binding buffer
and subjected to SDS-polyacrylamide gel electrophoresis and
autoradiography.
For competition GST pull-down, His-tagged HIB/rdx protein (pET
15b) was puriﬁed with His·Bind Resin (Novagen) according to the
manufacturer's instructions. GST–Cand1 bound to glutathione beads
was mixed with in vitro translated Cul3 and puriﬁed His-HIB protein
in the binding buffer and incubated overnight at 4 °C. The reaction
mixtures were analyzed by SDS-PAGE and western assay with anti-
Cul3 and anti-His (27E8, Cell Signaling) antibodies.
For immunoprecipitation, His-tagged HIB/rdx and in vitro trans-
lated Cul3 were incubated with anti-His antibody (27E8, Cell
Signaling) and protein G Sepharose 4 Fast Flow (Amersham
Biosciences). The immunocomplexes were electrophoresed by SDS-
PAGE and detected using the anti-Cul3 antibody.
Results
CG5366 encodes the Drosophila ortholog of Cand1
The Drosophila melanogaster ortholog of the human Cand1 is
encoded by CG5366 (FlyBase ID; FBgn0027568) and was named
Cand1. The G2412 ﬂy line with an EP-element inserted into a genomic
region near the Cand1 locus was purchased from Genexel, Inc.
(Fig. 1A). To investigate the function of Cand1 in vivo, we generated
two deletion mutant lines in the Cand1 gene via imprecise excision of
the P-element G2412. We identiﬁed a deletion allele, designated
Cand116, which lacks exon 6 to the 3′ end of Cand1 (Fig. 1A). The
Cand116 mutant is a loss-of-function allele of Cand1. No expression of
Cand1 mRNA was detected in the Cand116 mutants by RT-PCR with
the primer set1, although the 5′-undeleted region of Cand1 was still
transcribed (primer set 2) (Figs. 1A and B). The Cand116 mutant is
lethal in the pupal stage, and its lethality is rescued by a transgeneexpressing the Cand1 protein (Supplemental Table S1). Because the
deleted region of Cand116mutant ﬂies contains the CG5045 and Cand1
(CG5366) genes, we generated Cand1100 ﬂies that have a single
deletion of CG5045. Cand1100 ﬂies survive to the adult stage and show
normal mRNA levels of Cand1 (Fig. 1A and Supplemental Fig. S1A).
The temporal expression pattern of Cand1, examined using quantita-
tive RT-PCR, showed expression at all developmental stages (Fig. 1C).
Loss of Cand1 affects neddylation of Cul3 and Ci protein stability
Previously, it was reported that Cand1 binds selectively to
unneddylated Cullin1 (Cul1) and forms a large compact complex
with the SCF catalytic core, Cul1 and Roc1 (Goldenberg et al., 2004; Liu
et al., 2002). To investigate how Cand1 affects the Cullin protein in
Drosophila, we ﬁrst examined an immunoblot of Cullin protein in
Cand116 mutant larvae. Interestingly, the ratio of Nedd8 modiﬁed to
unmodiﬁed Cul3 is markedly increased in the Cand1mutant (Figs. 2B
and D) and the total amount of Cul3 protein is slightly decreased
(Fig. 2F), whereas the ratio of Nedd8 modiﬁed to unmodiﬁed Cul1
protein is not affected (Figs. 2A and C) with little increase in the
relative Cul1 protein levels by the loss of Cand1 (Fig. 2E). Cand1100 ﬂies
did not show this defect of Cul3 protein (Supplemental Fig. S1B), and
the expression of Cand1 driven by ubiquitous daughterless GAL4 (Da-
GAL4) can fully rescue the reduced protein level of Cul3 and the ratio
of neddylated to unneddylated Cul3 induced by the loss of Cand1 (lane
4 in Fig. 2B). These results indicate that the increase of neddylated
Cul3 is due to the speciﬁc loss of the Cand1 gene. When we expressed
HA-tagged Cand1 in the Cand116 mutant background, the ratio of
neddylated to unneddylated Cul3 was decreased depending on the
level of Cand1 expression (Supplemental Figs. S1C and D). The level of
unneddylated Cul3 was maximized at the highest level of Cand1
expression (7.5 h after heat shock) and was again lowered with
reduced Cand1 (3.5 h and 12 h after heat shock). The expression of
Cand1 is weak under the control of heat shock-GAL4 (hs-GAL4) and the
lower transgene expression levels can only partially rescue the defect
of the Cand1 mutant. These results show that Cand1 is involved in
suppression of Cul3 neddylation. In CSN5null mutants that lack Cullin
deneddylation activity, only the neddylated forms of Cullins are
accumulated, while the total amounts of Cullins are signiﬁcantly
decreased (lane 3 in Figs. 2 A–F; these data are discussed in Fig. 4).
Previous studies have reported contradictory effects of Cand1 on CRL
activity. In vitro studies have suggested that Cand1 negatively regulate
CRL activity by binding to Cul1 and dissociating the CRL complex
(Hwang et al., 2003; Liu et al., 2002; Zheng et al., 2002),whereas loss-of-
function alleles of Arabidopsis Cand1 have shown a reduced auxin
response, indicating that Cand1 is required for optimal CRL activity
(Chuang et al., 2004; Feng et al., 2004). To determine how loss of Cand1
affects CRL activity in vivo Drosophila model system, we examined the
protein stability of a substrate of Cullin-RING ligase in the developing
eye disc of Drosophila. In the eye disc of Drosophila, Cubitus interruptus
(Ci/Gli) degradation is regulated by two distinct Cullin-RING ligases.
The full length Ci protein (CiFL) accumulated in morphogenetic furrow
(MF) in response to hedgehog signaling, but not in anterior and
posterior cells. In anterior cells, CiFL is degraded by the Cul1-based
SCFslimb complex, whereas, in posterior cells behind morphogenetic
furrows (MF), CiFL is depleted by a Cul3-dependent pathway (Ou et al.,
2002; Smelkinson and Kalderon, 2006). To circumvent pupae lethality
of the Cand1 mutant, we used the directed mosaic FLP/FRT system
(Theodosiou and Xu, 1998). FLP (Flipase)-mediated recombination can
be used to generate mitotic clones by creating ﬂies with transgenic FRT
(FLP recombination target) sites at identical positions on homologous
chromosomes. As a result of recombination, homologous chromosome
arms harboring allelic FRT sites can be exchanged, generating one
mutant daughter cell and onewild-type daughter cell (“twin spot cell”).
Mutant clones of Cand1 (−/−) were identiﬁable by their lack of GFP
expression and proximity to homozygous twin-spots, which had two
Fig. 1. Molecular map and developmental expression of Cand1. (A) The transposon insertion site is indicated by a triangle above the map. The Cand116 and Cand1100 lines were
obtained by P-element imprecise excision of G2412, and the excised regions are represented by vertical lines. (B) Cand1 mRNA expression analysis by RT-PCR in third-instar larvae.
Primer pairs amplifying either the deleted or undeleted regions were used to amplify wild-type and the Cand116 mutant allele, and ampliﬁed regions are indicated in A. PCR
ampliﬁcation with the primer set 1 does not produce mRNA for Cand1 in Cand116 mutant homozygotes, although mRNA was detected with the primer set 2. It conﬁrms that the
Cand116 is a loss-of-function allele of Cand1. GAP-DHwas used as a control. (C) Quantitative RT-PCR analysis of Cand1 expression during development. As a control, transcripts of rp49
were ampliﬁed. Cand1 transcripts can be detected during all developmental stages.
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heterozygous cells (+/−, 1× GFP). In and behind the morphogenetic
furrows (MF: open arrowheads), CiFL (red) was decreased in Cand1
mutant clones (marked by the absence of GFP, ﬁlled arrowheads)
compared to wild-type clones (marked by GFP expression) (Figs. 2G–I).
The induction of the Cand1 mutant clone in the wing disc leads to a
reduced protein level of CiFL in the anterior compartment where CiFL is
processed to the repressor form of Ci by the Cul1-mediated E3 ligase
(ﬁlled arrowheads in Figs. 2J–L). These observations indicate that loss of
Cand1 promotes CRL-dependent substrate degradation. The decrease of
CiFL in Cand116 mutant clones was not caused by a change in Ci
transcription level because the expression of Ci-lacZ remained constant
in the mutant cells (Figs. 2M–O). These results suggest that the level of
CiFL is regulated post-transcriptionally by Cand1 and that the reduction
of CiFL in Cand1mutant clones might be the result of increased levels of
neddylated Cul3.
Loss of Cand1 stabilizes the Cul3 adaptor protein HIB/rdx, but not Slimb,
F-box of Cul1
Proteolytic processing of CiFL is mediated by two types of Cullin-
RING E3 ligase containing Cul1 and Cul3, respectively. Cul1 forms a
SCFSlimb complex (Skp1/Cullin1/F-box proteins), while Slimb act as
an F-box for the recognition of CiFL (Ou et al., 2002; Smelkinson et al.,
2007; Wu et al., 2005). Cul3 forms a complex with HIB (hedgehog-
induced BTB protein)/rdx (roadkill) that functions as the substrate
recognition component of a Cul3-based E3 ubiquitin ligase complex
and promotes degradation of CiFL (Kent et al., 2006; Zhang et al.,
2006). Because we observed that mutation of Cand1 increases CiFL
degradation, we investigated the levels of adaptor proteins in the
Cand1 mutant. To this end, we expressed Myc-Slimb or Flag-HIB/rdx
in the eye discs carrying Cand1mutant clones and examined the level
of adaptor proteins with anti-Myc and anti-Flag antibodies, respec-
tively. Myc-tagged Slimb protein shows no remarkable change in the
eye disc of Cand116 mutant clones (ﬁlled arrowheads in Figs. 3A–C);
this result was conﬁrmed by western blot (Fig. 3J). There have been
reports that CSN regulates CRL activity not only by cleaving Nedd8from Cullins, but also by maintaining adaptor stability by recruiting
deubiquitination enzymes (Wee et al., 2005). We observed that CSN5
null mutant clones had decreased the levels of Myc-tagged Slimb
protein (ﬁlled arrowheads in Figs. 3D-F), whereas Cand1 mutant
clones did not (Figs. 3A–C). To analyze the levels of HIB/rdx protein in
Cand1 mutant cells, Flag tagged HIB protein was expressed ubiqui-
tously using a heat shock-GAL4 driver, because high levels of
expression of the HIB/rdx caused lethality. Flag-HIB was detected
with anti-Flag antibody, and it shows that the level of HIB/rdx protein
is increased in Cand1mutant cells of the eye imaginal disc (Figs. 3G–I).
For western blotting, protein was extracted from imaginal discs and
brain lobes expressing HA-tagged HIB/rdx using the elav-GAL4 driver.
It conﬁrmed that the level of HIB is also increased in Cand1 mutant
ﬂies (Fig. 3K). Cand1 affects only the level of the Cul3 adaptor, HIB/rdx
protein, but it fails to affect the Cul1 adaptor Slimb that is destabilized
by loss of CSN5. These observations suggest that the increased level of
HIB/rdx could be a cause of the enhanced degradation of CiFL in the
Cand1 mutants, and Cand1 could be involved in the suppression of
HIB/rdx, leading to the regulation of Cul3-based RING ligase activity.
Mutations in Nedd8 or CSN5 induce accumulation of CiFL regardless of
Cand1 mutation
The loss of Drosophila Cand1 induces accumulation of neddylated
Cul3 and increases CiFL degradation with enhanced CRL activity
(Fig. 2). In addition to the important role played by the neddylation of
Cullins in the regulation of the E3 activity of Cullin-RING ligases
(CRLs) (Kawakami et al., 2001; Wu et al., 2002), the crystal structure
of Nedd8 modiﬁed and unmodiﬁed form of CRLs has shown that the
conjugation of Nedd8 to Cullin induces a conformational rearrange-
ment of the CRL complex in open forms (Duda et al., 2008). This result
suggests that the neddylated form of Cullin is essential in forming an
active CRL complex. To examine whether accumulation of neddylated
Cul3 in the Cand1 mutant is responsible for increased degradation of
CiFL protein, we generated Nedd8, Cand1 double-mutant clones in the
Drosophila eye disc and monitored CiFL protein levels. In the
Drosophila eye disc, the loss of Nedd8 showed a great accumulation
Fig. 2. Loss of Cand1 affects the neddylation of Cullin3 and Ci protein stability. (A–B)Western blot analysis of Cul1 (A) and Cul3 (B). Cell extracts were prepared from third-instar eye
discs and brain lobes of wild-type (WT: lane 1) and Cand116 (lane 2), CSN5nullmutants (lane 3), and Cand116mutant expressing UAS-Cand1 driven byDa-GAL4 (lane 4). In the Cand116
mutant, the ratio of neddylated to unneddylated Cul3 is increased and the total amount of Cul3 is decreased slightly. Cand1 expression is able to rescue the reversed ratio of modiﬁed
to unmodiﬁed Cul3 seen in homozygous Cand116 mutants. (C–D) Quantiﬁcation of the ratio of neddylated to unneddylated Cul1 (C) and Cul3 (D) in WT, Cand116, and CSN5null
mutants. (E–F) Quantiﬁcation of relative total protein levels of Cul1 (E) and Cul3 (F) inWT, Cand116, and CSN5null ﬂies. Error bars indicate the standard deviation (S.D.) of a minimum
of three independent experiments. Asterisks indicate signiﬁcance by t-test (*pb0.01, **pb0.001). (G–O) For imaginal eye discs of third-instar larva, anterior is to the left. For wing
discs, dorsal is up and anterior is left. The scale bar represents 20 μm. (G–L) A third-instar eye (G–I) and wing (J–L) disc carrying Cand116 mutant clones were stained with anti-CiFL
antibody. Clones carrying Cand116mutant are marked by the lack of GFP (in green). A decrease in CiFL (red) is observed in the Cand1mutant clones in the morphogenic furrow (open
arrowhead) of the eye disc (G–I, ﬁlled arrowheads) and in the wing disc (J–L, ﬁlled arrowheads). (M–O) Third-instar eye disc carrying Cand116mutant clones. Ci-LacZ expression (in
red) was stained by anti-LacZ antibody. The Ci-LacZ expression level (red) is ubiquitous throughout the whole eye disc and remains unchanged in the Cand1mutant clones (marked
by lack of green).
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mutant clones of Nedd8, Cand1 also induce a signiﬁcant accumulation
of CiFL (ﬁlled arrowheads in Figs. 4D–F). A single mutation of Cand1
caused a decreased level of CiFL (Figs. 2G–I), whereas double mutation
with Nedd8AN015 induced accumulation of CiFL similar to that seen in
the Nedd8 single mutant clones (Figs. 4A–F). These data show that,
besides increased levels of HIB/rdx, elevated level of neddylated Cul3
is also involved in the enhanced degradation of CiFL in the Cand1
mutant. It suggests that regulation of Cul3 neddylation by Cand1 is
also important for Cul3-mediated substrate degradation.
It has been proposed that CSN is required for CRL activity by
removing Nedd8 from Cullin (Cope and Deshaies, 2003; Oron et al.,
2002). Cand1 is known to speciﬁcally bind to unneddylated Cullin and
sequester it from the CRL complex (Hwang et al., 2003; Liu et al., 2002;
Min et al., 2003; Zheng et al., 2002). To determine the effect of CSN on
Cand1 for substrate degradation, we generated CSN5 null clones in the
Cand1 mutant homozygous background and examined CiFL in the
Drosophila eye disc. Amutation in CSN5 caused a reduction of Cul1 and
Cul3 protein levels in Drosophila (Figs. 2A–F) (Wu et al., 2005).
Interestingly, although the unneddylated form of Cullins almost
disappeared, the CSN5mutant displayed constant levels of neddylated
Cullins that is required for degradation of CiFL (lane 3 in Figs. 2A
and B). In the eye disc containing CSN5 null mutant cells, however, CiFLstaining was elevated, indicating that the activity of the CRL complex
is decreased within the CSN5 mutant clones (Figs. 4G–K). In the
absence of Cand1, CSN5mutant clones still displayed an accumulation
of CiFL protein (Figs. 4L–P). The double-mutant of Cand1,CSN5 shows
an accumulation of CiFL apparently similar to that of the CSN5 single
mutant than to that of the Cand1mutant. This indicates that the Cand1
mutant fails to affect the degradation of CiFL in the absence of CSN5.
These results suggest that CSN5 plays a more dominant role in the
process of degradation of CiFL than does Cand1.
Cand1 protects unneddylated Cul3 from proteasome-dependent
degradation
It has been reported that Cand1 speciﬁcally binds to unneddylated
Cullins (Hwang et al., 2003; Min et al., 2003; Zheng et al., 2002). GST
pull-down assays conﬁrmed that Cand1 is able to associate with
Drosophila Cul1 and Cul3 (Fig. 5A). Speciﬁc binding of Cand1 with
unneddylated forms of Cullins allowed us to consider the possibility
that Cand1 could induce stabilization of Cul1 and Cul3. APP-BP1 is
responsible for E1-like function in Nedd8 activation. The dAPP-BP1null
(Drosophila APP-BP1 null mutant) showed a signiﬁcant accumulation
of unneddylated Cul1 (Fig. 5B, lanes 1 and 2) (Kim et al., 2007). The
Cul3 protein also displayed an accumulation pattern similar to that of
Fig. 3. Loss of Cand1 stabilizes the Cul3 adaptor protein HIB/rdx, but not Slimb, F-box of Cul1. (A–I) Third-instar eye imaginal discs are oriented with anterior toward left, and the
scale bar represents 20 μm. (A–F) Eye imaginal discs expressing myc-slimb were immunostained for Myc (red) and GFP (green). Protein level of Myc-tagged Slimb (red) was not
changed in Cand1mutant clones (marked by lack of GFP) (ﬁlled arrowheads in A–C), whereas the level of Myc (red) was reduced in CSN5mutant clones (marked by the absence of
GFP) (ﬁlled arrowheads in D–F). (G–I) Cand116 mutant clones (lacking GFP, green) were generated in the eye discs expressing the Flag-HIB/rdx under control of hs-GAL4. Protein
level of Flag-HIB/rdx (red) was increased in Cand1mutant clones (ﬁlled arrowheads), (J)Western blots with Myc and β-tubulin (control) antibodies. Protein extracts were prepared
from larval brain and eye imaginal discs ofwild-type (WT)and Cand116homozygotes expressingMyc-Slimb from the tubulinpromoter. (K)Westernblots of larval extractswithHA andβ-
tubulin antibodies. Proteinwas extracted from larval eye disc and brain tissue.UAS-HA-HIB/rdx is expressed, driven by elav-GAL4, inw1118 (control) and the Cand116mutant homozygote.
The level of HIB is increased in the Cand116 mutant.
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determine whether Cand1 is responsible for the accumulation of
unneddylated Cul1 and Cul3 found in the dAPP-BP1 mutant, we
generated a Cand1, dAPP-BP1 double-mutant in Drosophila. Curiously,
dAPP-BP1,Cand1 double-mutant cells had a decreased Cul3 protein
level compared to that of dAPP-BP1 single mutant cells (Figs. 5C
and E), whereas the Cul1 protein is still accumulated (Figs. 5B and D).
This shows that loss of Cand1 fails to cause accumulation of Cul3 in
the dAPP-BP1 mutant, indicating that Cand1 is needed to stabilize
unneddylated Cul3 in the neddylation defective dAPP-BP1 null
mutant.
The ubiquitin–proteasome pathway is one of the most important
systems for the targeted degradation of intracellular proteins. To
study whether the proteasome is involved in Cul3 protein degrada-
tion, we used dominant temperature-sensitive (DTS) proteasome
mutant ﬂies. Prosβ21 has missense mutations in the 20S proteasome
subunits β2 and the expression of UAS-Prosβ21 represses proteasome
function at the restrictive temperature (29 °C) (Belote and Fortier,2002; Schweisguth, 1999). Repression of proteasome function by
expressing UAS-Prosβ21 with the ubiquitous Da-GAL4 driver resulted
in the accumulation of unneddylated Cul3 protein at the restrictive
temperature (Fig. 5F, lanes 1 and 2). However, the dAPP-BP1 mutant,
which had a signiﬁcant accumulation of unneddylated Cullins, was no
longer affected by inhibition of proteasome function (Fig. 5F, lanes 3
and 4). These results indicate that the ubiquitin–proteasome
machinery is involved in the degradation of unneddylated Cul3 and
that the dAPP-BP1mutation interferes with this degradation effect by
the proteasome, leading to the accumulation of unneddylated Cullins.
Overexpression of Prosβ21 in Cand1 mutants still leads to the
accumulation of unneddylated Cul3 (Fig. 5F, lanes 5 and 6),
demonstrating that unneddylated Cul3 is destabilized by the protea-
some in the absence of Cand1.
To further investigate the role of Cand1 in the protection of
unneddylated Cul3 from proteasomal degradation, we expressedUAS-
Prosβ21 using Da-GAL4 in Cand1, dAPP-BP1 double-mutant ﬂies. The
amount of Cul3 protein in the Cand1, dAPP-BP1 double-mutant was
Fig. 4.Mutations inNedd8or CSN5 induceaccumulationof CiFL regardless ofCand1mutation. (A–F) Eyedisc carryingNedd8AN015 clones (A–C)orNedd8AN015,Cand116double-mutant clones
(D–F)were immunostained to examine the levels of CiFL (red). Themutant clones weremarked by the absence of GFP (green). Merged images are shown in (C) and (F). For imaginal eye
discs, anterior is to the left. Levels of CiFL protein (red) were accumulated in the Nedd8AN015 single- (ﬁlled arrowheads in A–C) or in the Nedd8AN015, Cand116 double-mutant (ﬁlled
arrowheads in D–F). Scale bar, 20 μm. (G–J) Eye disc containing the CSN5null clone, wheremutant clones fail to express GFP (shown in green), was stained for CiFL (red). Merged image is
shown in (I). The level of CiFL protein (red)was increased inCSN5null clones (ﬁlled arrowheads). (L–O)Eye disc containingCSN5mutant clones (markedby lack of green) generated in the
Cand116 homozygote background. Merged image is shown in (N). The CSN5null mutant clones still have accumulated levels of CiFL protein (red) in the Cand116 mutant background
(ﬁlled arrowheads). (J, O) Highmagniﬁcation images of eye discs stained for CiFL (red). Themagniﬁed areas are outlined by the white boxes in (I) and (N), respectively. Scale bar, 20 μm.
(K, P) Graphs showing averaged relative ﬂuorescence intensities (y-axis) of CiFL (red) and GFP signal (green). The areas are indicated by the white arrows in (I) and (N), respectively. The
intensity of CiFL (red) is increased in the region of low GFP expression (the mutant clones of CSN5).
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Fig. 5. Cand1 protects unneddylated Cul3 from proteasome-dependent degradation. (A) GST pull-down binding assay of [35S] labeled Cul1 (lanes 1–3) and Cul3 (lanes 4–6) with
GST–Cand1. In vitro translated Cul1 and Cul3 bind to GST–Cand1. GST protein was used as a control. (B–C)Western blots with Cul1 (B) and Cul3 (C) antibodies. Protein extracts from
wild-type (lane 1), dAPP-BP1null (lane 2), and double-mutant of dAPP-BP1null, Cand116 larvae (lane 3). Accumulated Cul3 in the dAPP-BP1nullmutant is suppressed in dAPP-BP1, Cand1
double-mutant cells. (D–E) Quantiﬁcation of relative total protein levels of Cul1 (D) and Cul3 (E). Error bars indicate S.D. of a minimum of three independent experiments. Asterisks
indicate signiﬁcance by t-test (*pb0.01, **pb0.001). (F) Western blots with Cul3 and β-tubulin antibodies. Proteins were extracted from third-instar larvae of the following
genotypes: Da-GAL4/+ (lane 1); Da-GAL4/UAS-Prosβ21 (lane 2); Da-GAL4,dAPP-BP1null/dAPP-BP1null (lane 3); Da-GAL4,dAPP-BP1null/dAPP-BP1null,UAS-Prosβ21 (lane 4); Cand116;Da-
GAL4/+ (lane 5); and Cand116;Da-GAL4/UAS-Prosβ21 (lane 6). All ﬂies were raised at 29 °C. (G) Western blots with Cul3 and β-tubulin antibodies. Flies were incubated at 29 °C.
Proteins were extracted from third-instar larvae of the following genotypes: Cand116;Da-GAL4,dAPP-BP1null/dAPP-BP1null (lane 1); and Cand116;Da-GAL4,dAPP-BP1null/dAPP-BP1null,
UAS-Prosβ21 (lane 2). Unneddylated Cul3 in Cand116, dAPP-BP1null double-mutant cells was accumulated by overexpression of a dominant-negative form of the proteasome subunit.
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(Fig. 5G). This shows that decreased Cul3 protein in the double-
mutant is reversed by inhibition of proteasome activity, conﬁrming
that the stabilization of unneddylated Cul3 by Cand1 is due to
protection against proteasomal degradation. When we expressed
Cand1 in the dAPP-BP1mutant, there was no signiﬁcant effect on Cul3
protein levels (data not shown). This suggests that endogenous Cand1
could protect unneddylated Cul3 efﬁciently in the dAPP-BP1 mutant,
not requiring more Cand1 to stabilize Cul3. Taken together, these
results support the possibility that Cand1 protects unneddylated Cul3
from proteasome-dependent degradation.
Overexpression of Cand1 stabilizes the Cul3 protein
The aforementioned data in Fig. 5 indicate that Cand1 is needed to
stabilize the Cullin protein. To further evaluate the function of Cand1
for Cullin stability, we expressed Cand1 in mutant ﬂies with a
neddylation pathway defect and then detected Cullin protein levels. In
the CSN5 null mutant, the amount of Cullins was markedly reduced,
and the remaining Cullins were present exclusively in the neddylated
form (lane 3 in Figs. 2A and B). Expression of Cand1 in CSN5null
homozygotes induced stabilization of both Cul1 and Cul3 proteins,
even though it was much less effective for Cul1 than for Cul3 (Fig. 6A).
Moreover, Cand1 overexpression in dAPP-BP1null heterozygotes also
increased the Cul3 protein level (Fig. 6B and Supplemental Fig. S2A).
The Cul3 adaptor protein HIB/rdx interacts with Cul3 and then
promotes CiFL degradation (Kent et al., 2006; Zhang et al., 2006). Since
both Cand1 and HIB/rdx proteins were able to bind to Cul3, we
performed an in vitro competitive binding assay to address the
possibility of direct competition between Cand1 and HIB/rdx for
association with Cul3. To investigate whether HIB/rdx would prevent
the binding of Cand1 to Cul3 in a dose-dependent manner, GST-
tagged Cand1 and Cul3 protein were incubated with increasing
amounts of HIB/rdx.We found that increasing the dose of HIB/rdx did
not interfere with the interaction of Cand1 with Cul3 (Supplemental
Fig. S2C), in spite of the ability of HIB/rdx to bind to Cul3
(Supplemental Fig. S2B). To examine whether Cand1 and HIB/rdxproteins are present together with Cul3 protein in the same complex,
we performed the GST pull-down assay using a GST–Cand1 and His-
HIB/rdx, with or without Cul3. It shows that Cand1 associates with
HIB/rdx in the presence of Cul3 (lane 5 in Fig. 6C). However,
surprisingly, we observed that HIB/rdx, Cul3 adaptor protein, can still
bind to Cand1 in the absence of Cul3 (lane 6 in Fig. 6C), indicating that
these three proteins are able to bind to each other. We also found that
the interaction of Cand1with HIB proteinwas decreased by increasing
the amounts of Cul3 (Fig. 6D), indicating that Cul3 competitively
inhibits the binding of HIB/rdx to Cand1. These ﬁndings raise the
possibility that Cand1 might regulate HIB/rdx by interacting with
Cul3, and increased level of HIB/rdx in Cand1mutant (Fig. 3) might be
the result of the direct interaction of Cand1 with HIB/rdx. Recent
reports have suggested that neddylation of Cullin proteins is
enhanced by binding of substrate and adaptor protein to Cullins
(Bornstein et al., 2006; Chew and Hagen, 2007). Although HIB/rdx did
not compete with Cand1 to Cul3, it is possible that HIB/rdx may affect
Cand1 function by regulating Cul3 neddylation. When HIB protein
levels are down-regulated by multiple copies of UAS-HIB-RNAi driven
by elav-GAL4, overexpression of Cand1 induces stabilization of the
Cul3 protein (Fig. 6E). Our results suggest that overexpressing Cand1
induces stabilization of the Cul3 protein when the neddylation path-
way is compromised.
Discussion
The neddylation pathway is highly conserved in many organisms,
and the neddylation step is essential for Cullin-mediated E3 ubiquitin
ligase activation. Cand1 is a highly conserved protein that binds to
unneddylated Cullins and sequesters Cul1 from the CRL complex (Liu
et al., 2002; Zheng et al., 2002). It has been suggested that Cand1
inhibits CRL activity in vitro. However, studies from Arabidopsis have
shown that loss of Cand1 leads to decreased CRL activity, indicating
that Cand1 is required for efﬁcient CRL function (Chuang et al., 2004;
Feng et al., 2004). To elucidate this paradoxical effect of Cand1, we
have used Drosophila as a model system. First, we found that loss of
Cand1 increases the ratio of Nedd8 modiﬁed to unmodiﬁed Cul3 and
Fig. 6.Overexpression of Cand1 stabilizes the Cul3 protein. (A)Western blots with antibodies against Cul1 (lanes 1 and 2) and Cul3 (lanes 3 and 4). UAS-Cand1was overexpressed by
Da-GAL4. Proteins were prepared from larvae of the following genotypes: Da-GAL4,CSN5null/CSN5null (lanes 1 and 3); and Da-GAL4,CSN5null/CSN5null,UAS-Cand1 (lanes 2 and 4).
Protein levels of Cullins in the CSN5null homozygote were elevated by overexpression of Cand1. (B) Western blots with anti Cul3 antibody. Beta-tubulin serves as a control. Protein
extracts were prepared from brain lobes and eye discs of third-instar larvae. Da-GAL4was used to overexpress three copies of UAS-Cand1. Proteins were prepared from larvae of the
following genotypes: Da-GAL4,dAPP-BP1null/+ (lane 1); and 3XUAS-Cand1;Da-GAL4,dAPP-BP1null/+ (lane 2). Protein levels of Cul3 in the dAPP-BP1 heterozygote were elevated by
overexpression of Cand1. (C) In vitro GST pull-down assay. Recombinant GST (7 μg) or GST–Cand1 fusion proteins (30 μg) were incubated with His puriﬁed HIB/rdx protein (10 μg)
and in vitro translated Cul3 protein (15 μl). The GST fusion protein was pulled down by glutathione Sepharose 4B and detected by western blot using anti-Cul3 and anti-His
antibodies. Inputs (5%) were loaded as control (lanes 1 and 2). GST pull-down experiments show that Cand1 interacts with HIB/rdx in the presence or absence of Cul3 protein.
(D) Competitive GST pull-down assay. Recombinant GST (7 μg) or GST–Cand1 fusion proteins (21 μg) were incubated with His puriﬁed HIB/rdx protein (9 μg) and increasing
amounts of in vitro translated Cul3 (0, 10 μl, 20 μl, and 50 μl). Five percent of inputs were loaded on lanes 1 and 2. Increasing the dose of Cul3 inhibit the interaction of Cand1 with
HIB/rdx. (E) Western blot analysis of larval brain and eye disc extracts prepared from elav-GAL4 (lane 1); elav-GAL4N3XUAS-HIB-RNAi (lane 2); and elav-GAL4N3XUAS-HIB-
RNAi,2XUAS-Cand1 (lane 3). When the expression of adaptor protein, HIB, was down-regulated, overexpression of Cand1 leads to stabilization of the Cul3 protein. (F) Proposed
model for the role of Cand1.
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CiFL, despite little effect on Cul1 (Figs. 2 and 3). Although Cand1 has
been reported to negatively regulate CRL activity by binding to
unneddylated Cul1 and dissociating the CRL complex in vitro (Hwang
et al., 2003; Liu et al., 2002; Zheng et al., 2002), accumulations of
neddylated Cullin and adaptor protein have never been observed in
studies of Cand1 depletion. These provide a better understanding of
the role of Cand1 in vivo, suggesting that the regulations of Cul3
neddylation and adaptor stability are important for Cand1 to control
CRL activity. Unlike the results of Arabidopsis studies, in which Cand1
is required for optimal CRL activity, our study demonstrates that the
Cand1 mutation of Drosophila stimulates the degradation of CiFL by
enhancing Cul3-RING ligase activity. In addition, we provide a novel
insight into the role of Cand1 by which Cand1 is involved in the
stabilization of unneddylated Cul3. We present evidence that Cand1
protects unneddylated Cul3 from proteasomal degradation.The absence of Cand1 increased the level of neddylated Cul3, and it
suggests that Cand1 could inhibit the neddylation of Cul3. However,
the overexpression of Cand1 had no effect on Cul3 neddylation (data
not shown). The amount of Cand1 seems to be sufﬁcient to prevent
Cul3 neddylation in the wild-type background. However, neddylation
of Cul3 was decreased when Cand1 was expressed in the Cand1
mutant background, indicating that Cand1 can suppress Cul3
neddylation (Supplemental Fig. S1C and D).
CiFL is processed by two different Cullins, Cul1 and Cul3, in the eye
disc of Drosophila (Ou et al., 2002; Ou et al., 2003). In the posterior
area of the eye imaginal disc, CiFL is degraded by Cul3-mediated E3
activity, where loss of Cand1 affects the stability of CiFL. Because we
observed thatmutation of Cand1 decreases the level of CiFL, we further
investigated the levels of adaptor proteins of Cul1 and Cul3. We found
that the level of the Cul3 adaptor protein HIB/rdx is also increased in
the Cand1 mutant, whereas the levels of Slimb, the F-box protein of
256 S.-H. Kim et al. / Developmental Biology 346 (2010) 247–257the Cul1 RING ligase, remain constant (Fig. 3). It suggests that Cand1
could regulate Cul3-based E3 ligase activity by suppressing the level of
HIB/rdx. Several adaptor proteins are destabilized by autoubiquitina-
tion of CRL activity (Galan and Peter, 1999; Wirbelauer et al., 2000).
CSN also maintains adaptor stability by deneddylating Cullin and
recruiting deubiquitination enzymes (Wee et al., 2005). Interestingly,
it has recently been observed that the CSN-associated deubiquitinat-
ing enzyme Ubp12 maintains the stability of the Cul3 adaptor, but not
the F-box, Cul1 adaptor (Schmidt et al., 2009). This provides a possible
clue that Cand1 may regulate the stability of HIB/rdx through
deubiquitinating enzymes by working with CSN. Direct interaction
of Cand1 with HIB/rdx (Figs. 6C and D) suggests another possibility
that Cand1 might suppress the level of HIB/rdx through a direct
association with HIB/rdx. Taken together, the evidence presented
here indicates that Cul3-dependent E3 ubiquitin ligase activity is
increased by the loss of Cand1 function.
It has been suggested that Nedd8 covalent conjugation to Cullin
causes instability of the Cullin protein (Wu et al., 2005). However, our
results show that the neddylated form of Cul3 has maintained protein
stability in the Cand1mutant, albeit at a slightly reduced Cul3 protein
level (Fig. 2B and F). This observation could be related to the function
of CSN because there is a signiﬁcant decrease in the total amount of
Cullins in CSN mutant cells (Gusmaroli et al., 2007; Stuttmann et al.,
2009; Wu et al., 2005). Both CSN and Cand1 proteins have been
proposed to be involved in the cycle of assembly and disassembly of
the CRL complex (Cope and Deshaies, 2003; Lo and Hannink, 2006;
Zhang et al., 2008). This model explains how Cand1 and CSN have
paradoxical effects on CRL activity and insists that Cand1-mediated
cycling is required for optimal CRL activity. However, our data do not
support this cycling model, in which loss of Cand1 enhances the
degradation of CiFL as a result of increased activity of CRLs. The double-
mutant analyses suggest that regulation of the neddylation pathway is
a major mechanism for CiFL degradation. Loss of Cand1 failed to
suppress accumulation of CiFL protein in Nedd8AN015 or CSN5null
mutant clones (Fig. 4). The functions of Nedd8 and CSN with regard
to Cullin seem to play a more dominant role in regulating CRLs
than that of regulation by Cand1. This could explain why over-
expression of Cand1 in CSN5null mutant causes an increase only in the
neddylated forms of Cullin, although Cand1 stabilizes unneddylated
Cullin (Figs. 5 and 6).
Inhibition of proteasome function by overexpressing a dominant-
negative form of a proteasome subunit causes accumulation of
unneddylated Cul3 (Fig. 5F). The neddylation defective dAPP-BP1
mutant also exhibits elevated levels of unneddylated Cul3, but
repressed proteasomal activity in the dAPP-BP1null mutant fails to
causes Cul3 accumulation (Fig. 5). These results support the theory
that unneddylated Cul3 is degraded by the proteasome, but this
degradation effect is inhibited bymutation of the Nedd8 E1-activating
enzyme, dAPP-BP1. Accumulation of Cul3 in the dAPP-BP1 mutant is
suppressed by loss of Cand1, and decreased Cul3 in the dAPP-BP1,
Cand1 double-mutant is again accumulated by reducing proteasome
activity (Fig. 5). This shows that Cand1 is responsible for the
accumulation of unneddylated Cul3 in the dAPP-BP1 mutant as a
result of inhibition of proteasome-mediated degradation. Repression
of proteasome function in the Cand1mutant induces accumulation of
unneddylated Cul3, showing that neddylated Cul3 is destabilized by
the proteasome in the absence of Cand1.
Recent reports indicate that supplementation of substrate and
adaptor to Cullin-RING ligases promotes Cullin neddylation and
dissociation of the Cullin–Cand1 complex (Bornstein et al., 2006;
Chew and Hagen, 2007). In agreement with the previous reports, our
data also suggest that the neddylation process might regulate the
dissociation of Cul3 from Cand1. If Cand1 is dissociated from Cullin by
neddylation, a defect in the neddylation process might promote the
interaction of Cand1 with unneddylated Cul3. This could explain why
the level of Cul3 was not affected by overexpression of Cand1 in thedAPP-BP1 null mutant (data not shown), even if Cand1 overexpression
increases Cul3 protein levels in the dAPP-BP1null heterozygote
background (Fig. 6B).
Although Cand1 affects mostly the Cul3 protein, it also inﬂuences
the Cul1 protein. Cand1 can bind to Cul1 and the overexpression of
Cand1 induces the stabilization of Cul1 as well as Cul3 (Figs. 5 and 6).
However, the effect of Cand1 on Cullins seems to differ depending on
the type of tissue. Immunoblot analysis of Cand116 extracts from third-
instar brain lobes and eye discs showed no distinguishable effect on
the ratio of neddylated Cul1, but loss of Cand1 caused a reduction of
CiFL protein in the anterior region of the wing disc, where the Cul1-
dependent E3 ligase degrades CiFL protein (Fig. 2).
Here, we propose that Cand1 contributes to the ﬁne-tuning of
Cul3-mediated E3 ligase activity by acting on the neddylation state as
well as on the stability of unneddylated Cul3 and adaptor protein
(Fig. 6F). Binding of Cand1 to unneddylated Cul3 would shift the
equilibrium away from the neddylation of Cul3 that is required for
substrate degradation and then cause sequestration of unneddylated
Cul3 from proteasomal degradation. Moreover, Cand1 could be
involved in the suppression of Cul3 adaptor protein, HIB/rdx, to
regulate CRL activity. Loss of Cand1 shifts the equilibrium toward the
neddylated form of Cul3 and increases the level of Cul3 adaptor HIB/
rdx, which leads to enhanced degradation of CiFL, a substrate of CRLs.
Neddylation of Cul3 is essential for CRL activity, so the mutation of
Cand1 fails to down-regulate accumulation of CiFL in Nedd8 or CSN5
mutants. In the absence of dAPP-BP1, unneddylated Cul3 would tend
to bind to Cand1, which protects unneddylated Cul3 from proteaso-
mal degradation and induces accumulation of Cul3.
The mechanisms underlying the Cullin neddylation pathway are
closely conserved in Drosophila and in mammals. Consequently, the
study of Drosophila Cand1 and Cullin provides a novel insight into the
regulation of Cullin based E3 ligases by Cand1.
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